Mutations affecting mismatch repair result in elevated frequencies of microsatellite length alteration in prokaryotes and eukaryotes. However, the finding that microsatellite instability is found often in cells with a functional mismatch repair system prompted a search for other factors of tract alteration. In the present report, we show that, in Escherichia coli, poly(AC͞TG) tracts are destabilized by mutations that induce SOS. These observations may have implications for eukaryotic cells because recent results suggest the existence of a mammalian SOS response analogous to that in prokaryotes. In addition, a defect in the 5-3 exonuclease domain of DNA polymerase I, homologous to the mammalian FEN1 and the yeast RAD27 nucleases, leads to a marked increase in repeat expansions characteristic of several genetic disorders. Finally, we found that the combination of a proofreading defect with mismatch repair deficiency results in extreme microsatellite instability.
Microsatellites are tandemly repeated sequence motifs of Ͻ6 nt, which represent a substantial part of the eukaryotic genome. Length variation of trinucleotide repeats is known to be associated with a number of genetic diseases (1, 2) , but recent work has demonstrated an association with somatic diseases as well, which is not restricted to triplets. For example, mono-, di-, and trinucleotide repeats are unstable in colon cancer cells (3) (4) (5) .
Although several mechanisms have been proposed to account for the dramatic length variation of simple repetitive DNA, there is presently a consensus on a major role for polymerase slippage (6) (7) (8) . Numerous studies in prokaryotes and eukaryotes have shown that cells carrying mutations affecting mismatch repair are associated with elevated frequencies of tract instability (6, 8, 9) . Conversely, human cells that exhibit microsatellite instability are frequently deficient in mismatch repair (10) . However, a large proportion of sporadic cancers displaying microsatellite instability have no defect in any of the known mismatch repair genes (11) . Mutations in the RAD27 (RTH1) Saccharomyces cerevisiae gene also destabilize microsatellites (12) by a mechanism distinct from mismatch repair (13) . Moreover, it is becoming increasingly clear that, aside from proteins, a number of other factors are involved, such as the nature of the repeated motif, the length of the tract, the nature of the flanking sequences, and the orientation of the microsatellite with respect to the direction of replication.
Studies in Escherichia coli as well as in yeast generally have used microsatellites cloned in phages or plasmids. To identify other potential factors of microsatellite instability without the complications introduced by the mode of replication and the copy number of the vectors, we inserted the most common dinucleotide tracts, poly(AC) and poly(TG), into the E. coli chromosome and examined length variation as a function of: (i) the original length, (ii) the location of the tract on the leading or lagging strand, and (iii) the influence of mutations in several genes involved in recombination, replication, or repair. In accord with previous studies, we found that instability increased exponentially with the number of repeats in the insert (6, 14) . We also observed that poly(TG) tracts placed in the leading strand were consistently more unstable than poly(AC) tracts of the same length and location.
Mutations affecting replication and͞or excision repair (but not homologous recombination) substantially increased microsatellite instability. In some strains, these effects appear to be caused by constitutive induction of the SOS repair pathway, which therefore ranks as a novel factor of microsatellite instability in E. coli. In addition, deletion of the 5Ј exonuclease domain of DNA polymerase I (homologous to the nuclease encoded by RAD27 in yeast and to the mammalian FEN1) led to a marked increase in the proportion of expansions by a mechanism independent of SOS. Finally, a proofreading defect associated with mismatch repair deficiency resulted in an extreme level of tract alteration.
MATERIALS AND METHODS
Bacterial Strains, Plasmids, and Phages. The E. coli strains used in this study are listed in Table 1 , and plasmids and phages are listed in Table 2 . Mutants were constructed by P1 transduction in strain MC1061 containing prophage ZAP III (AC) 18 , (AC) 51 , (TG) 21 , or (TG) 42 (Fig. 1) and were selected by resistance to antibiotics or by UV sensitivity. Mutator activity was determined by measuring the frequency of generation of cells resistant to rifampicin (15) .
Standard DNA Procedures. Restriction enzymes, alkaline phosphatase, and ligase were purchased from commercial sources and were used according to the suppliers' recommendations. Phage DNA was extracted as described (16) . The Amersham DNA in vitro packaging module was used for encapsidation of phage derivatives. Phage and plasmid preparations and analysis, preparation, and transformation of E. coli competent cells were carried out as described (16) .
Construction of an Integrative Vector: ZAP III. The left arm of ZAP II was obtained by digestion of the phage DNA with EcoRI and HindIII, and the right arm was obtained by digestion with PvuII. Both arms were purified from contaminating fragments by electrophoresis on agarose gel and were electroeluted. In parallel, a fragment carrying the 3Ј part of the lacZ gene was obtained by digestion of pFR97 with EcoRI and DraI and inserted by ligation between the left (EcoRI) and right (PvuII) arms of ZAP II (Fig. 1) . After in vitro encapsidation and transduction into E. coli MC1061 (⌬lac), cells were grown at 28°C to allow lysogenization on LuriaBertani medium plates containing 5-bromo-4-chloro-3-indolyl-D-galactoside (X-Gal), isopropyl-D-thiogalactoside (IPTG), and ampicillin at 20 g͞ml. Blue clones were picked, and the structure of the new vector ( ZAP III) was verified by restriction digestions after lytic growth.
Integration of CA and TG Repeats into the E. coli Chromosome. When cloned into the viral strand of M13 mp18, (AC) 39 and (TG) 33 repeats are referred to as M13 mp18-(AC) 39 and M13 mp18-(TG) 33 (a gift from M. Dutreix, Institut Curie, Paris). They were obtained by ligating hybridized (AC) 8 and (TG) 8 oligonucleotides synthesized on a Beckman synthesizer. The ligation mixture was used to transform E. coli JM109. Recombinant phages were analyzed by sequencing.
The replicative form DNAs from M13 mp18-(AC) 39 and M13 mp18-(TG) 33 were digested with XbaI and PstI, and the fragments carrying the repeats were purified on 6% polyacrylamide gels, electroeluted, and ligated into pBS II SK ϩ linearized by the same enzymes. The ligation mixture was used to transform E. coli JM109. Recombinant plasmids were analyzed by sequencing and were purified and digested with NotI and EcoRI. Fragments carrying (AC) 39 and (TG) 33 were purified as above. The vector ZAP III was digested with the same enzymes, and the left and right arms were purified on 0.8% agarose gel to eliminate the NotI-EcoRI fragment present in the polylinker (Fig. 1) . The NotI-(AC) 39 -EcoRI and NotI-(TG) 33 -EcoRI fragments then were ligated to the arms of ZAP III. After in vitro packaging, transduction into MC1061, and growth at 28°C, as above, blue colonies containing prophages ZAP III (AC) 39 (strain PM1) and ZAP III (TG) 33 (strain PM2) were isolated. The structure of the clones was verified by sequencing of PCR fragments directly amplified from the bacterial chromosome. Oligonucleotide PCR Primers. Oligonucleotide primers complementary to chromosomal stretches of dinucleotide repeats were synthesized in the DNA synthesizer Oligo 1000 from Beckman. Primer 1 (5Ј-AGCTCACTCATTAGGCACC) and primer 2 (5Ј-TCTTCGCTATTACGCCAGC) were used to amplify DNA fragments containing (AC) n or (TG) n short direct repeats. Primer 3 (5Ј-AAGTTGGGTAACGCCAG) was used to sequence previously obtained amplified DNA fragments.
PCR Amplification. Amplification was performed with a Perkin-Elmer Cetus 9600 thermal cycler. Isolated colonies resuspended in distilled water were used as starting material. The reaction mixtures containing 2 mM each deoxynucleotide triphosphate, 0.3 mM primers, and 2.5 units of Taq DNA polymerase (Boehringer Mannheim) were adjusted to a final volume of 20 l. They were processed through a 30-cycle program consisting of a 30-sec denaturation period at 94°C, a 30-sec annealing period at 55°C, and a 30-sec elongation period at 72°C. PCR fragments were electrophoresed on 6% polyacrylamide gels and stained with ethidium bromide.
DNA Sequencing. PCR sequencing was performed with the Applied Biosystems PRISM dye-terminator sequencing kit on the Perkin-Elmer Cetus 9600 thermal cycler or the Applied Biosystems Catalyst lab station.
Tract Alteration Frequency in lac ؉ Clones with (AC) 15-51 and (TG) Inserts. Blue colonies were picked on Petri dishes after 1-night incubation at 28°C, were resuspended in Luria-Bertani medium, and were diluted and plated in the presence of X-Gal and IPTG to give 1,000-2,000 colonies per dish. The frequency of tract alteration was estimated by dividing the proportion of white colonies derived from the original bacterium by the number of generations.
RESULTS
Frameshift Mutation Assay. The designation (AC) n or (TG) n refers to AC or TG repeats located on the leading strand of the E. coli chromosome (Fig. 1) . To follow instability of dinucleotide repeats, we inserted the lacZ gene preceded by a tract of (AC) n or (TG) n into the chromosome of E. coli ⌬(lac) by means of a ZAP vector (Fig. 1) . Cells carrying this construct display a blue phenotype when plated on medium containing X-Gal and IPTG if the tract comprises 3n bp because active ␤-galactosidase is synthesized. Any insertion or deletion of 1 or 2 bp (as well as 3n ϩ 1 or 3n ϩ 2) will disrupt the reading frame and will cause the colony to be white, whereas alterations of 3 bp will not be detected.
Frequency of Tract Alteration as a Function of the Number of Repeats. To carry out the following experiments, we constructed strains PM1 and PM2, which carried, respectively, (AC) 39 and (TG) 33 . After growth on Petri dishes for several generations, isolated colonies were resuspended and plated in the presence of X-Gal and IPTG. Each original clone produced a minority of white colonies of which 50 were analyzed by PCR amplification and electrophoresis on polyacrylamide gel. Colonies carrying noticeably amplified or deleted tracts were picked and grown as in Materials and Methods and yielded rare blue colonies from which the insert was sequenced. We isolated lac ϩ clones with the following inserts: (AC) 15, 18, 24, 39, 45, 51 and (TG) 18, 21, 30, 33, 36, 42 , located on the leading strand (Fig. 1) . For each, three independent clones were analyzed by PCR amplification and sequencing and were used to study instability, as described in Materials and Methods. As shown in Fig. 2 , the frequency of tract alteration increased exponentially with the number of repeats in the insert. In addition, when placed on the leading strand, (TG) repeats were reproducibly more unstable than (AC) repeats at the same location.
The nature of the changes in tract length (amplification or deletion) was determined for each of the 12 inserts from a limited number of colonies (up to 24) by PCR amplification of the insert and analysis of the amplified fragments by electrophoresis on polyacrylamide gel, followed by sequencing in case of ambiguity (data not shown). Regardless of the size and composition of the insert, deletions always represented a large majority (Ϸ90%) of the events. We then examined the effect of mutations affecting the major DNA transactions on the instability of repeated doublets. In all of the experiments below, mutations were introduced in the MC1061 strain containing prophage ZAP III carrying either a short [(AC) 18 , (TG) 21 ] or a long [(AC) 51 , (TG) 42 ] insert, referred to as (AC) or (TG) n in Table 1 .
Inf luence of Mutations Affecting Homologous Recombination, Replication, and Repair. For each type of mutation, the frequency of tract alteration was determined on three to eight independent clones. The results are presented in Tables 3 and  4 . In E. coli, inactivation of the recA gene reduces homologous recombination 10 4 -fold. A recA mutation slightly increased tract instability in short inserts and had no detectable effect on long ones. Mutations in sbcC originally were isolated as cosuppressors of the recombination deficiency of recBC sbcB mutants (17) . The sbcC gene was found to be cotranscribed with another gene, sbcD. sbcCD codes for a nuclease that was proposed to cleave secondary structures formed at replication forks, thus initiating recombination events by allowing the entry of RecBCD at broken ends (18) . Although secondary structures could be expected to occur frequently when replication forks encounter microsatellite sequences, the sbcD mutation did not affect the rate of instability for any of the inserts.
DNA polymerase I, encoded by the polA gene, functions in both excision repair and in chromosomal replication. In the absence of exogenous DNA damaging agents, the processing of Okasaki fragments is probably its main function. Two mutations in polA were used in the present experiments. polA1 eliminates most of the polymerizing activity of the enzyme, whereas ⌬polA (FЈ Klenow) lacks the 5Ј-3Ј exonuclease. The latter mutation is of particular interest because of the functional and structural homology between the E. coli 5Ј-3Ј exonuclease and the mammalian FEN1 or the yeast RAD27 nucleases (19) that are thought to increase tract instability by a mechanism contributing to repeat expansion (12, 13, 20) . Both E. coli polA mutants grow normally on rich medium because either the Klenow fragment or the 5Ј-3Ј exonuclease is sufficient for viability (21) . Both mutations increased the instability of the inserts. The effect of polA1 was moderate in long inserts and was more important in short ones, whereas in the strain lacking the 5Ј-3Ј exonuclease, alteration was observed for all inserts with a frequency 13-to 30-fold higher than in the wild-type strain.
The Rep helicase is required for growth of certain phages. E. coli rep mutants are characterized by a slower propagation of the replication fork compared with wild-type strains (22) (23) (24) . On the assumption that a slow propagation of the fork would favor polymerase slippage between repeats, we introduced a rep mutation into the constructs, described above. A moderate increase (3-to 4-fold) in instability, apparently unrelated to insert size, was observed for the three inserts examined. As expected, a mutation in the mutS gene resulted in a substantial increase in instability (27-to 160-fold) for all insert sizes. We examined another mutation affecting mismatch repair, uvrD, the product of which, helicase II (UvrD), is known to be involved also in excision repair and recombination. Tract instability increased 15-to 24-fold in this strain.
In the E. coli mismatch repair pathway, strand discrimination is ensured by specific methylation of the parental strand by the Dam methylase at the replication fork. Mutations in dam confer to the cell a mutator phenotype and allow mismatch repair to take place on both strands (25) . Instability increased 13-to 39-fold in the dam strain. A mutation (mutD) in the dnaQ gene encoding the proofreading exonuclease of DNA polymerase III leads to the most potent mutator phenotype known in E. coli (15, 26, 27) . In a mutD strain carrying inserts, the frequency of tract alteration was so high that it could not be estimated from the proportion of white colonies. All colonies were of mixed color, rendering the blue-white test inoperative. The high instability phenotype was in large part caused by saturation of the mismatch repair system (15) because plating of the cells on minimal medium, where mismatch repair is fully active (15) , lowered the rate of tract alteration to Ϸ10-fold that in the wild-type strain (data not shown).
To examine a possible role of SOS in microsatellite instability, a defective lexA allele was introduced in the wild-type strain carrying inserts. Constitutive derepression of the lexA operon increased instability 8-to 22-fold, and transduction of lexA (Def) strains back to lexA ϩ restored the wild-type level of tract alteration (data not shown). No further increase was observed when the SOS pathway was fully induced by introduction of a recA730 allele in a lexA (Def) strain. Derepression of the lexA operon without RecA activation is therefore sufficient to provoke the destabilization of simple repetitive DNA.
Mutations in uvrD and rep (28) , polA (29) , and dam (30) are known to induce the SOS pathway to various extents. A lexA noninducible allele then was introduced in the polA1, ⌬polA (FЈ Klenow), uvrD, and mutS strains carrying one of the inserts, (AC) 51 . It should be noted that the noninducible lexA allele could not be introduced in the dam strain, because dam lexA double mutants are inviable (31) . The lexA (Ind Ϫ ) mutation did not affect instability in the mutS strain. In contrast, instability decreased to the same level as that in the wild-type strain carrying the same insert for the polA1 and uvrD strains and to an intermediate level for the ⌬polA (FЈ Klenow) strain ( Table 4 ), indicating that all or part of the effects of these mutations results from SOS induction. The lexA (Ind Ϫ ) allele also reduced by 10-fold the spontaneous mutation rate of the uvrD strain (data not shown).
The nature of the tract alteration events was examined by sequencing clones derived from the wild-type strain and Frequencies of tract alteration represent the average of at least three independent determinations. Numbers in parentheses represent the rates of tract length alteration (fold) relative to the rate in the wild-type strain for each insert. nd, not determined. Table 4 . Effect of mutations on the frequency of tract alteration in the (AC)51 insert in the absence of SOS induction
Relevant genotype
Tract alteration frequency*
9.9 ϫ 10 Ϫ4 (4.7) uvrD lexA (Ind Ϫ ) 3.2 ϫ 10 Ϫ4 (1.5) *Tract alteration frequencies represent the average of at least three independent determinations. Numbers in parentheses represent the rates of tract length alteration (fold) relative to the rate in the lexA (Ind Ϫ ) strain.
from the relevant mutated strains, all carrying the (AC) 51 insert. In each case, 20 -23 white clones derived from six independent blue colonies were analyzed (Table 5) . Comparison with the sequence of the original insert led to the following observations: (i) In the wild-type, lexA(Def) recA730, uvrD, and dam strains, deletions represented close to 90% of the alteration events.
(ii) In the mutS strain and in the strain lacking the 5Ј-3Ј exonuclease of DNA polymerase I and carrying lexA (Ind Ϫ ), the proportion of insertions increased to 28% and 40%, respectively. (iii) In the mutS, uvrD, and dam strains, alterations were remarkably homogeneous in size (one or two repeats), consistent with the inability of the mismatch repair system of E. coli to detect efficiently mismatches (and supposedly insertions and deletions) of Ͼ4 bp (32).
DISCUSSION
Most, if not all, studies of microsatellite stability in prokaryotes, as well as the majority of studies in yeast, have made use of a versatile plasmid or phage system (6-8, 14, 33-35) . In the present work, we inserted poly(AC) and poly(TG) into the chromosome of a wild-type E. coli strain, by means of an appropriate ZAP vector carrying a thermosensitive repressor. Various mutations affecting replication, homologous recombination, excision, and postreplicative repair were introduced into the wild-type construct. We then could examine the variations in tract length without the added complication of phage or plasmid replication idiosyncrasies. Our results (Fig. 2) confirm the existence of a direct relationship between the length of the insert and the frequency of tract alteration (6, 14) , which also was reported recently in yeast (36) . In addition, we observed a definite orientation effect because the instability of poly(TG) tracts on the leading strand is approximately twice as high as that of poly(AC) tracts of comparable length at the same location. In yeast, the rate of instability of poly(TG) tracts is independent of orientation (7). Mutations in mutS and recA (or their yeast homologs) have been examined previously for their effect on microsatellite sequences. Our results, reported in Tables 3 and 4 , confirm the absence of effect of a recA mutation on tract instability and an important role of mismatch repair. The magnitude of the effect observed here for a mutS mutation varies from 27-to 160-fold, with no obvious relationship with the length or nature of the insert.
The introduction of a defective lexA allele (with or without concomitant RecA activation) into the wild-type strain carrying inserts substantially increased tract length alteration. As mentioned above, several mutations affecting DNA replication (dam, rep, uvrD, polA) are known to induce the SOS response in E. coli in the absence of DNA damage. We therefore examined microsatellite instability under conditions that precluded SOS induction. Two strains carrying a noninducible lexA gene in addition to the SOS-inducing mutation (polA, uvrD) displayed a level of tract instability close to that in the wild-type strain. These results show that these mutations cause microsatellite instability by an indirect mechanism dependent on SOS induction and suggest that instability in the rep and dam strains also depends on SOS. In the strain lacking the 5Ј-3Ј exonuclease domain of polymerase I, introduction of the lexA (Ind Ϫ ) allele reduced instability to an intermediate level, indicating that tract alteration is, in part, independent of SOS in this strain. Mutations in the mutS gene do not induce SOS (37) . As expected, introduction of lexA (Ind Ϫ ) in the mutS strain had no effect on tract instability.
The product of the uvrD gene is required for long patch mismatch repair, and the length of the alterations observed in the uvrD strain (Table 5 ) does reflect a mismatch repair defective phenotype. In contrast, the finding that the uvrD strain carrying lexA (Ind Ϫ ) behaves like a wild-type strain with respect to microsatellite instability is difficult to reconcile with an essential role for UvrD in mismatch repair. However, UvrD is involved in a number of different processes, and the complexity of uvrD mutant phenotypes and genetic properties is notorious. As one example among many others, methyldirected mismatch repair acts as barrier to interspecies recombination by efficiently destroying recombination intermediates between diverged sequences. Whereas mutations in mutL and mutS increase Ϸ1,000-fold, recombination between E. coli and S. tyhimurium mutations in uvrD have very little effect (38) .
The extreme mutator effect in mutD cells is known to result for the most part from saturation of postreplicational mismatch repair by a high level of replication errors under rapid growth conditions (15) . In slowly dividing mutD cells, full mismatch repair capacity is retained (15) , as confirmed by our results with mutD cells carrying inserts plated on minimum medium. The level of instability in these cells (Ϸ10-fold that of the wild-type strain) is probably a consequence of the proofreading defect. Therefore, the extremely high microsatellite instability in rapidly growing mutD cells (Table 3 ) appears to be because of a proofreading defect associated with a defect in mismatch repair.
RAD27 mutants of S. cerevisiae display rates of microsatellite instability comparable to those observed in mismatch repair mutants. The RAD27 gene encodes a 5Ј-3Ј exonuclease with structural and functional homology to the mammalian DNase IV (FEN1) and to the 5Ј nuclease domain of E. coli DNA polymerase I, both known to function in lagging-strand synthesis. These nucleases remove by endonucleolytic cleavage a 5Ј flap generated by displacement synthesis (19) , for example when DNA polymerase reaches the 5Ј end of an Okasaki fragment. We have shown in the present work that deletion of the 5Ј nuclease domain of DNA polymerase I increases the rate of tract alteration and that this increase is in part independent of SOS induction. Because DNA polymerase I is not required for methyl-directed mismatch repair (39), the SOS-independent increase in tract instability must be because of the absence of a repair pathway distinct from mismatch repair. In the absence of SOS induction, deletion of the *Expressed as the number of repeat units deleted (Ϫ) or added (ϩ). The increase in insertions in the ⌬polA (FЈ Klenow) lexA (Ind Ϫ ) strain compared to the wild-type strain is significant (P ϭ 0.027), as determined by the hypergeometric test (47) . † Deletions larger than four repeat units were: Ϫ7, Ϫ8, and Ϫ25 in the wild-type strain; Ϫ11 in lexA (Def) recA730; Ϫ7 (2), Ϫ14, Ϫ16 (2), Ϫ19, and Ϫ28 in ⌬polA (FЈ Klenow) lexA (Ind Ϫ ). The insertion larger than four repeats in the wild-type strain was ϩ5.
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Proc. Natl. Acad. Sci. USA 95 (1998) 10007 5Ј-3Ј exonuclease (strain PM16) led to a marked increase in expansions that, of interest, also was found in RAD27 mutants (12) . These results are consistent with a role for this class of 5Ј-3Ј exonucleases in removing single-stranded flaps that, according to recent models (13, 20) , could mediate expansions, for example by realignment out of register on the template. Thus, at least two factors of tract stability, mismatch repair and flap removal, appear to be conserved from prokaryotes to eukaryotes. The identification of SOS as a factor raises questions concerning the mechanisms of destabilization. SOS induction could modify one or several subunits of DNA polymerase III holoenzyme in a way that favors slippage upon encounter of microsatellite sequences. Modification of the ␤ subunit (sliding clamp), the ␥ complex (clamp loader), or the subunit (holoenzyme organizer) would be expected to affect the high processivity of the polymerase (40) . SOS induction by UV irradiation has been shown to produce a smaller form of the ␤ subunit (41) . Also, it has been proposed that, on induction, UmuCD might serve as an alternate sliding clamp (42) , less tightly bound to the template-primer than the bona fide ␤ clamp. Whether the processivity of the polymerase is affected similarly when the SOS response is induced genetically in the absence of DNA damage remains to be determined.
Numerous genes are inducible by stress or DNA damage in yeast and mammals, and little is known about their regulation. However, recent findings suggest the existence in mammalian cells of a p53-mediated SOS response that, like the prokaryotic response, can be elicited in the absence of DNA damage (43) . Also, hMSH2 tumor cell lines were shown to accumulate tract alterations when maintained at high density (44) . The authors point out that such growth conditions may resemble those encountered by cells in a tumor. They suggest that the conditional dramatic level of microsatellite instablity in hMSH2 cells reflects a stress-induced, error-prone repair pathway as a consequence of replication under restrictive culture conditions in the absence of mismatch repair. Whether our results are relevant for tumor development will become clearer as the search for replication and repair mutants develops.
